Background: Protein crystal structures are potentially over-interpreted since they are routinely refined without any restraint on the upper limit of atomic B-factors. Consequently, some of their atoms, undetected in the electron density maps, are allowed to reach extremely large B-factors, even above 100 square Angstroms, and their final positions are purely speculative and not based on any experimental evidence. Results: A strategy to define B-factors upper limits is described here, based on the analysis of protein crystal structures deposited in the Protein Data Bank prior 2008, when the tendency to allow B-factor to arbitrary inflate was limited. This B-factor upper limit (B_max) is determined by extrapolating the relationship between crystal structure average B-factor and percentage of crystal volume occupied by solvent (pcVol) to pcVol =100%, when, ab absurdo, the crystal contains only liquid solvent, the structure of which is, by definition, undetectable in electron density maps. Conclusions: It is thus possible to highlight structures with average B-factors larger than B_max, which should be considered with caution by the users of the information deposited in the Protein Data Bank, in order to avoid scientifically deleterious over-interpretations.
Background
Although drastically reduced, atomic movements are possible in crystals, even at low temperature. In crystal structures, oscillation amplitudes of the atoms around their equilibrium positions are monitored by B-factors, which are related to the root-mean-square amplitude of oscillation (u) of the atoms around their equilibrium position by the following equation:
The experimental fingerprint of the B-factors is due to their influence on the atomic form factor according to
where f o is the atomic form factor at B = 0 Å 2 , θ is the diffraction angle, and λ is the X-ray wavelength. It is apparent that the scattering power of an atom diminishes as fast as the B-factor increases.
In reality, B-factors do not depend only on the amplitudes of the atomic oscillations around the equilibrium positions but also on other factors. Recently, Kuzmanic and co-workers observed, based on molecular dynamics simulations, that conformational averaging and inadequate treatment of correlated motions considerably influence the estimations of microscopic heterogeneity via B-factors [1] . In a typical crystal structure, B-factors may depend on conformational disorder, either static or dynamic, which often cannot be fully characterized, with the consequence that the positional dispersion increases B-factors. Moreover, unless extremely high resolution diffraction data are available, crystallographic refinements require the use of restraints that reduce the differences between B-factors of atoms that are connected by a covalent bond in order ensure to the covalent bond rigidity. Furthermore, occupancies, which can be equal to one -if the atom has only one position -or minor than one -if the atom has at least two equilibrium positions -may alter the values of the B-factors, since a decrease of the occupancy implies a decrease of the B-factor. It may also happen, occasionally, that the assignment to the wrong chemical entity of an electron density peak may influence B-factors: for example, an isolated peak might be interpreted as a water molecule, with smaller B-factor, or as a cation of atomic mass larger than water, for example calcium(II), with much larger B-factor.
Although B-factors are not determined uniquely by atomic oscillations, in crystal structure refinements they are handled like oscillations and there are different levels of approximations in their modelling. In protein crystallography, B-factors are usually refined isotropically, in the sense that it is assumed that the oscillation amplitudes are identical in all directions, though this assumption is nearly never justified. Only at very high resolution, when diffraction data are sufficiently numerous, B-factors can be refined anisotropically, when three principal components of oscillation are refined independently of each other. However, also this approximation can deviate considerably from reality.
Despite these limitations, B-factors have been extensively studied and they found several interesting applications during the last decades in biological chemistry. They have been used to identify thermal motion paths, which are the dynamic and transient channels that allow molecules to enter or exit from protein internal cavities [2, 3] . They have been correlated to the rotameric state of amino acids side-chains [4] , it has been possible to use them to improve protein superposition algorithms [5] and their accuracy has been investigated [6] .
B-factor profiles have been used to increase the thermostability of amine transaminase [7] or lipase1 [8] .
Comparisons between B-factors in mesophilic, thermophilic and psychrophilic proteins have been reported [9] and the relationship between protein thermostability and B-factors has been investigated [10] .
B-factors are related to atom packing in proteins [11] and a simple algorithm has been designed to predict B-factors, based on the protein three-dimensional structure [12] . B-factor values have been predicted also on the basis of multiple picosecond molecular dynamics simulations [13] . Structure-based B-factor predictions have been reported also by Yang and colleagues [14] .
Protein flexibility has been extensively investigated through B-factors [15] [16] [17] . B-factor information was used to design a sequence-based predictor of local protein flexibility [18, 19] . B-factors have also been used to distinguish crystal packing contacts from physiological protein-protein binding sites [20] .
Fenwick and co-workers designed a B-factor based order parameter, which approaches its maximal value equal to one for well ordered atoms, and approaches zero for highly disordered atoms. This order parameter, for single-conformer structural models, becomes unphysical (negative) when the sum of the B-factors of two atoms approaches 8π 2 Å 2 (≈ 79 Å 2 ) [21] .
Unfortunately, it became common in recent years to deposit in the Protein Data Bank [22, 23] , B-factors extremely large. While very large B-factors are usually associated with "invisible" protein moieties, the structure of which is evanescent in the electron density maps [24] , atoms with incredibly high B-factors are often included in the refined three-dimensional model, despite their negligible contribution to structure factor.
This might have severe consequences on the bioinformatics use of the B-factors. For example the quantitative relationships between local stereochemistry and B-factor (and flexibility) would be misinterpreted by considering protein moieties with unreliable structures.
Traditionally, when crystallographers are unable to position atoms or residues based on electron density maps, they insert a series of warnings in PDB files. The "REMARK 465", "REMARK 470", "REMARK 475", "REMARK 480" lines were used to list (i) the residues that are present in the SEQRES records but are completely absent from the coordinate section (REMARK 465); (ii) non-hydrogen atoms of standard residues which are missing from the coordinates (REMARK 470); (iii) residues modeled with zero occupancy (REMARK 475); and (iv) non-hydrogen atoms of residues modeled with zero occupancy (REMARK 480).
Obviously, this is the result of a rather subjective decision, based on the visual analysis of the electron density maps. Some crystallographers prefer to include these "invisible" protein moieties in their refinements, with the consequent inflation of the B-factors. An atom that cannot be precisely positioned tends to occupy a large portion of space to spread its electrons as much as possible.
Recently, B-factors larger than 100 Å 2 are often deposited in the Protein Data Bank and this has three major drawbacks. First, the occupancy and the B-factor fields merge in the PDB-formatted files, with consequent problem of readability: the string "1.00 99.99" becomes "1.00100.00" when the B-factor increases from 99.99 to 100.00 Å 2 . Second, at (sinθ/λ) = 2, the scattering power of at atom with B = 5, 20 or 80 Å 2 is only 0.54, 0.08 or 0.0001 [25] and, as a consequence, the contribution to the calculated structure factors of atoms with B-factors larger than 100 Å 2 is absolutely negligible. Ab absurdo, one might introduce several atoms of Fermium wherever possible in the asymmetric unit with B-factors extremely large without consequences on the R-factor, the free-Rfactor and the electron density. Third, and this is a major concern, PDB file end users, which often are not crystallographers, might be induced to use structural data that are absolutely unreliable.
It is therefore necessary to have an estimation, at least semi-quantitative, of the highest B-factor values that can be considered to be acceptable and over which atoms can be considered to be non-localizable. Apparently, only a careful analysis of the electron density map allow one to solve this problem. This is however impossible in most bioinformatics applications due to the large amount of data that must be examined.
It is impossible to define a physically meaningful threshold value, over which B-factors can be safely be used to decide that an atom must be excluded in the refined model: it would be a mere arbitrary threshold, based on some subjective assumption, for example "less than 0.05%" of the structure factor. On the contrary, it is possible to try to identify, ab absurdo, the B-factor of a "liquid" atom in a protein crystal. In practice, in this article, I analyze the relationship between the average B-factors of protein crystal structures and the percentages of crystal volume occupied by solvent, which can be estimated through the Matthews volume [26] . In this way, it is possible to extrapolate the B-factor expected when all the crystal volume is occupied by liquid solvent (B_max). Based on the analysis of a large and well selected set of protein crystal structures, it can be predicted that at very high resolution (better than 1.5 Å), B_max is close to 25 Å 2 , which means that the average B-factor value should not be larger than 25 Å 2 at that resolution, while larger values are observed at lower resolution. At very low resolution (worse than 3.3 Å), B_max grows up to 80 Å 2 , which means, again, that the average B-factor value should not be larger than 80 Å 2 at that resolution.
Methods
Protein crystal structures were downloaded from the Protein Data Bank [22, 23] according to the following criteria: only X-ray crystal structures deposited together with their experimental data were considered. Moreover, structures (i) with R-factor and free-R-factor > 0.3, (ii) with data collection temperature < 95 K or > 105 K, or (iii) containing nucleic acids were discarded. The selection of the 95-105 K temperature range is due to the fact that nearly all protein crystal structures present in the Protein Data Bank have been determined at 100 K and to the fact that atomic oscillation amplitudes depend on temperature. Redundancy was reduced to 30% sequence identity. This threshold value was selected because is the lowest and therefore the more severe threshold value available in the "Advanced Search Interface" page of the Protein Data Bank (www.rcsb.org). It is however important to observe that other criteria, slightly more or less stringent, would produce similar results (though not identical), given the extreme-value distribution of pairwise protein sequence similarity scores [27] . Eight data sets were built, according to different resolution ranges and only the structures deposited in the Protein Data Bank before 2008 were considered for reasons described and explained in Results and Discussions below (see Table 1 and Additional file 1: Table S1 in the Supplementary material). . Despite the relative data abundance, I did not want to consider each individual atom type since some of the atoms, for example the main-chain carbonyl carbon atom, are nearly identical in each residue and since a better statistics are expected by grouping similar atoms in a single and larger cluster, like for example the side-chains methyl carbon atoms of alanine, isoleucine, valine and leucine.
Percentages of crystal volume occupied by solvent (pcVol) were computed with the rwcontents program of the CCP4 software suite [29] , with default parameters. Briefly, pcVol is computed as 100 1− Total mass of protein in unit cell
by assuming a protein density of 1.34 g/cm 3 .
Results
It is possible to compute the average B-factor (B) in a protein crystal structure and the percentage of volume occupied by solvent in the crystal (pcVol). By plotting B versus pcVol, it is then possible to extrapolate, through linear regression, the value of B (B_max) at pcVol = 100%, when all the atoms contained in the crystal are, ab absurdo, in the liquid state.
Obviously, it is mandatory to remember that this is an extrapolation and that, like any extrapolation, it might be erroneous, since no information is (and can be) available for pcVol close to 100%: by definition, a crystal cannot contain only amorphous material.
It is mandatory to use a set of protein crystal structures with a minimal fraction of atoms, the B-factors of which have been allowed to inflate -the common practice nowadays. For this reason, the entire PDB was analyzed and files were classified, based on the presence of atoms with B-factors larger than 100 Å 2 and on the presence of missing atoms or residues (listed in the REMARK 465, 470, 475 or 480 lines). Therefore, it is possible to find four types of files: (i) those with large B-factors and with missing residues; (ii) those without large B-factors and without missing residues; (iii) those with large B-factors and without missing residues; and (iv) those without large B-factors and with missing residues.
As it can be seen in Fig. 1 , the fraction of files without large B-factors and without missing residues is constantly decreasing with time. Analogously, the fraction of files with large B-factors and without missing residues is decreasing with time, though with a very modest The relationship between B-factors and pcVol is shown in Fig. 2 , where all protein crystal structures were considered, independently of their resolution. Average B-factors of protein atoms tend to increase if the percentage of crystal volume occupied by solvent increases (Fig. 2) . On the one hand, this is expected since protein atoms can be more mobile, both in terms of oscillations around the equilibrium positions and conformational disorder, in crystals where the content of water is larger. On the other hand, it is necessary to observe that the relationship of Fig. 2 might be the consequence of other phenomena. For example, it is possible to observe that crystallographic resolution decreases if pcVol increases (Fig. 3) and that B-factors increases if resolution decreases (Fig. 3) . Consequently, it is obvious that B-factors increase if pcVol increases and the dependence of B-factors on pcVol must be analyzed for sets of protein structures refined at similar resolution.
I observe here that the dependence of the B-factor on resolution is absolutely obvious. In fact the atomic form factor (f B ) depends on the B-factor according to
which can be rewritten as
The relationships between average protein B-factor and pcVol within various resolution ranges are shown in Fig. 4 , where the bars associated with the estimated errors are omitted for clarity.
Discussion
The correlation coefficients between B-factors and pcVol, although always positive, are systematically quite small. With an average value of 0.282 (standard error 0.006), they are nearly always smaller than 0.5 for the 24 atom types listed in the Methods. This depends on the considerable scatter of the average B-factors within each resolution range, which is not reported in Fig. 4 for clarity. Usually, this scatter can be reduced by using standardized B-factors (BN), defined as
where B av is the average B-factor of a protein crystal structure and B s is its variance. However, this is not possible here since the average BN is equal to zero by definition and, as a consequence, it is invariant and cannot depend on any other variable. When one analyzes a specific type of protein atoms, for example the backbone carbonylic carbon atoms, its average BN value can be different from zero. However, individual average BN values are nearly independent on resolution and pcVol, since the standardization is performed within a single protein crystal structure -this is actually the reason why this standardization is performed. Apparently, B-factors tend to increase with both pcVol and resolution (Fig. 4) .
The B-factors expected when pcVol tends to 100% (B_max) are shown in Table 2 for all 24 atom types (the Fig. 3 B-factors, resolution and pcVol. Dependence of B-factors on resolution and dependence of resolution on pcVol indicate that the relationship between B-factors and pcVol (see Fig. 2 ) must be examined in datasets of structures that have similar resolution The 95% central coincidence intervals (CI) of the B_max values are also reported in Table 2 . They were defined as [30] :
where n is the number of points, pcVol ave is the average pcVol value and
where B obs is the observed value of the B-factor, B calc is the computed value of the B-factors (calculated after linear regression of the relationship between average B and pcVol; see Fig. 2 ) and
CI values are much smaller at higher resolution. When all the atoms are considered together, CIs are equal to 2 Å 2 up to 2.1 Å resolution; then they increase slowly when resolution decreases down to 3.3 Å when they are equal to 9 Å 2 ; only in the lowest resolution range (2) 30 (2) 41 (2) 53 (3) 59 (3) 68 (5) 80 (9) 77 (19) 2 23 (2) 30 (2) 42 (2) 54 (3) 60 (3) 68 (5) 80 (9) 77 (19) 3 23 (2) 30 (2) 41 (2) 52 (3) 57 (3) 64 (5) 74 (9) 71 (19) 4 26 (2) 33 (2) 44 (2) 56 (3) 62 (3) 70 (5) 83 (9) 84 (20) 5 24 (2) 31 (2) 42 (2) 54 (3) 61 (3) 70 (5) 84 (9) 84 (20) 6 33 (3) 39 (2) 51 (2) 64 (3) 70 (4) 80 (5) 98 (11) 102 (22) 7 24 (2) 31 (2) 41 (2) 51 (3) 56 (3) 63 (5) 76 (9) 72 (19) 8 23 (2) 30 (2) 40 (2) 51 (3) 56 (3) 64 (5) 79 (9) 72 (19) 9 25 (3) 32 (2) 43 (2) 55 (3) 62 (4) 70 (5) 84 (9) 81 (21) 10 26 (4) 32 (3) 44 (3) 56 (4) 61 (4) 72 (6) 92 (11) 90 (23) 11 29 (3) 35 (2) 48 (2) 59 (3) 67 (4) 79 (5) 93 (10) 94 (21) 12 32 (3) 39 (3) 52 (3) 65 (3) 73 (4) 86 (6) 102 (11) 106 (22) 13 22 (4) 25 (3) 36 (3) 45 (4) 51 (5) 64 (7) 74 (12) 57 (25) 14 27 (5) 30 (4) 37 (4) 44 (5) 57 (6) 65 (8) 83 (13) 76 (22) 15 23 (2) 30 (2) 41 (2) 53 (3) 59 (3) 68 (5) 80 (9) 76 (19) 16 20 (3) 29 (3) 37 (3) 43 (4) 47 (5) 56 (7) 68 (12) 63 (22) 17 27 (4) 32 (3) 44 (3) 56 (4) 62 (4) 72 (6) 91 (11) 90 (24) 18 31 (3) 36 (2) 48 (2) 59 (3) 66 (4) 79 (5) 95 (10) 94 (21) 19 35 (4) 38 (3) 51 (3) 62 (3) 70 (4) 80 (6) 97 (10) 100 (24 23) , which are at the end of long sidechains and are also, in general, largely exposed to the solvent. Interestingly, the side-chain nitrogen atoms of arginine have, in general, B_max values lower than the side-chain nitrogen atom of lysine and this might depend on the fact that the guanidinium moiety of arginine is larger and may for more hydrogen-bonds than the ammonium moiety of lysine. Figure 5 depicts the B_max values for a charged residue (lysine), a polar residue (serine), and an apolar residue (methionine). It clearly appears that B_max values tend to increases if the distance from the backbone increases. Lysine, which has the longest side-chain that ends with a cationic group, has, as expected, the largest B_max values at its extremity.
B_max values were estimated from the analysis of protein crystal structures deposited until 2008 in the Protein Data Bank, when the tendency to allow B-factors to inflate arbitrarily was minimal. The analysis of a set of 2783 protein crystal structures deposited after 2014, assembled with the same criteria described in Methods, is summarized in Table 3 . Structures deposited after 2008 and before 2014 were ignored, since this is a period of transition, when the tendency to allow B-factors to inflate to large values progressively took place. While at high resolution only a small fraction of the structures have an average B-factor larger than B_max, at low resolution a large fraction of the structures have an average B-factor larger than B_max. This depends on the fact that at high resolution only few atoms are invisible in the electron density maps and, as a consequence, few atoms have unreasonably large B-factors. On the contrary, at low resolution, several atoms are invisible in the electron density maps and have, as a consequence, extremely large B-factors. From the perspective of structural bioinformatics and of the users of the Protein Data Bank information, this means that nearly one half of the crystal structures refined at low resolution should be considered with extreme caution, since many moieties of them are not experimentally determined, but just modeled computationally. It is also interesting to observe that even at very high resolution about 15% of the protein crystal structures are likely to be incomplete, given their large average B-factor.
Conclusions
Based on well controlled data sets, it is possible to estimate the maximal B-factor average values that are compatible with the crystalline solid state (B_max).
B_max value increase, as expected, if resolution decreases. At very high resolution, better than 1.5 Å, B_max is equal to 25 Å 2 and it increases to 31, 43, 55, 61, 70, 83, and 80 Å 2 in the resolution ranges 1.5-1.8, 1.8-2.1, 2.1-2.4, 2.4-2.7, 2.7-3.0, 3.3-3.3 and > 3.5 Å.
Different B_max values are observed for different types of atoms. They are slightly larger for side-chain atoms than for main-chain atoms and for nitrogen and oxygen atoms than for carbon atoms or sulfur atoms. Highest B_max values are observed for atoms that are It is mandatory to remember the two main limitations of this approach. On the one hand, the B_max values are extrapolated at pcVol = 100%, while observed pcVol are always smaller than 80%, and, consequently, B_max values might be inaccurate. On the other hand, only a detailed analysis of the electron density map can allow one to decide if the atoms are "visible" despite their uncommonly large B-factors.
However, in large scale bioinformatics studies it is necessary to have an automatic criterion and B_max can be a reasonable threshold to identify crystal structures, which can be considered to be modelled, at least in part, rather than experimental. In a very preliminary and perhaps simplistic way, it is possible to suggest to use B_max in a semi-quantitative way. If a protein crystal structure has an average B-factor larger than the B_max corresponding to its crystallographic resolution, some of the protein atoms are likely to have been refined with too large B-factors to be considerable as "visible". This would be certainly true if the large majority of the B-factors seem acceptable and only a small minority of the atoms have extremely large B-factors. Different is the case when many atoms, perhaps nearly all the atoms, have B-factors large and close to, if not larger than, the B_max value.
In a crystal structure with average B-factor larger than B_max, the atoms associated with the largest B-factors might be eliminated, until the average Bfactor of the remaining atoms falls under the B-max threshold.
Although further analyses and alternative strategies need to be designed and tested, it is irrational to deposit atoms with, sometime, astronomically large B-factors in the Protein Data Bank without an explicit declaration about the invisibility of these atoms in the electron density map. Otherwise, over-interpretations of the data are possible and scientifically deleterious. A typical example is the use of structural models in computational docking simulations, where minor deformations of the protein surface can have major consequences on the simulation results.
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